Background-The determinants of differences in blood pressure that emerge in adolescence between black Americans of predominantly African descent and white Americans of predominantly European descent are unknown. One hypothesis is related to intrauterine and early childhood growth. The role of early blood pressure itself is also unclear. We tested whether differences in birth weight and in carefully standardized subsequent measures of weight, height, and blood pressure from 0 to 4 or 5 years were related to black/white differences in blood pressure in adolescence. Methods and Results-Two Bogalusa cohorts who had complete follow-up data on birth weights and early childhood and adolescent anthropometric and blood pressure measures were pooled. One hundred eighty-five children (48 black and 47 white boys and 41 black and 49 white girls) were followed up and studied after 15 to 17 years. Birth weights were a mean 443 and 282 g lower in black boys and girls, respectively, than in whites (PϽ0.001). Blood pressures in adolescence were 3.4/1.9 and 1.7/0.6 mm Hg higher, respectively, and tracked from early childhood. In regression analyses, birth weight accounted for the ethnic difference in adolescent blood pressure, which was also independently predicted, in decreasing impact order, by adolescent height, adolescent body mass index, and systolic blood pressure at 4 to 5 years and inversely by growth from 0 to 4 to 5 years. Conclusions-If these results can be replicated in larger and independent samples, they suggest that efforts to improve intrauterine growth in black infants as well as lessen weight gain in adolescence might substantially reduce excess high blood pressure/hypertension in this ethnic group. 
T he idea that the development of blood vessel structure and function could be influenced by early somatic growth emerged from observations of the tracking of blood pressure (BP) during childhood. [1] [2] [3] [4] [5] [6] Previous findings from cross-sectional surveys of the Bogalusa Heart study showed that height and ponderosity (wt/ht 3 ) of African-American ("black") and European-American ("white") children were both strong correlates of BP at ages 5 to 14 years. [7] [8] [9] Longitudinal data also indicated not only that initial BP measured from 4 years and older was the most powerful determinant of later BP levels (one definition of "tracking") in blacks and whites but also that later height and weight (as wt/ht 3 ) were further independent determinants. [1] [2] [3] 6 Data from the Muscatine and other longitudinal studies of BP in childhood showed similar effects, but in whites only. 5, 10 Initial (birth or first year) height and weight were not included in those earlier Bogalusa analyses. The rise in BP in a younger Bogalusa age group of 2.5 to 5 years old was much less than at older ages but depended on its interaction with other standard cardiovascular risk factors [11] [12] [13] and was also clearly correlated with height, 13 with little effect of race/ethnicity.
Birth weight for gestational age, an indicator of fetal growth, has been an independent predictor of later adult high BP in many studies, 14 but the strength of the relation has recently been questioned. 15 Initial studies in Bogalusa showed relatively weak effects of birth weight on BP except in black males, but follow-up then extended only to ages 7 to 11 years 16 before the ethnic difference of higher BP in blacks emerged. Postnatal or first-year growth, perhaps dependent on intrauterine growth performance, may also be important. 17, 18 Marked changes in postinfant growth, as "catch-up" or faltering growth, across centiles of growth trajectories have been associated with later adult coronary heart disease, 19, 20 but much less is known of their impact on BP in later life.
In the present study, we tested the hypothesis that the later ethnic/racial differences in BP between black and white adolescents could be accounted for by differences in intrauterine growth, as assessed by birth weight, and in early rather than later childhood growth. We also tested whether any effect of intrauterine growth on later BP could be confounded by very early effects of childhood BP per se. 21 Reliable measures of early BP have rarely been available in previous studies. To examine these issues and to compare their relative impact on blacks versus whites, we analyzed the effects of growth from birth to 4 years and of early BP levels on later BP at age 15 to 17 years, uniquely possible to date in a longitudinal component of the Bogalusa Heart Study.
Methods

Participants
In 1973, a large, community-based study of the natural history of cardiovascular disease was started among school children and adolescents in Bogalusa, La, a semirural, biethnic community where paper production was and is the major industry and employer. A detailed description of the demographic characteristics of the biethnic community, as well as the overall design of this large study, has been published elsewhere. 1-3,6 -9 Since the beginning of the study, participants have been screened several times, with participation rates ranging between 80% and 93%. Throughout follow-up, ethnicity was that assigned by the mother.
Two cohorts from the Bogalusa Heart Study were included in this study. The first cohort was born in 1973 to 1974, and measurements were taken at birth and then at ages 6 months and 1, 2, 3, and 4 years (nϭ102). The second cohort was born between 1976 and 1980. They were examined at age 4 to 5 years, and their birth weights were obtained from records in the Office of Vital Statistics in New Orleans (nϭ83), where these data are derived from reports of direct measures, though not of the same quality as in the birth cohort. Participants from both cohorts combined (totalϭ185) took part in subsequent cross-sectional surveys between 1992 and 1994 and between 1995 and 1996 at ages 15 to 17 years. Birth weights in the second group were slightly greater in all ethnic/sex groups than in the birth cohort; their next measures were recorded toward the end of their fourth and early in their fifth year, but their adolescent data were closely comparable (data available on request).
Procedures
All observations were made and collected by trained personnel following the same protocol described previously. 1 Height was measured manually to the nearest 1 mm, and weight, to the nearest 0.01 kg with a balance-beam scale, both as the mean of 2 measurements. BP was measured with a cuff size suitable to the arm circumference (average of 6 measurements, 3 in each arm of 2 consecutive sessions on calibrated electronic and mercury sphygmomanometers). Systolic BP was recorded at the first Korotkoff phase. Fourth-and fifth-phase measurements of diastolic BP were used in analyses. Body mass index (BMI) is weight (kg) divided by the square of height (m 2 ). Differences between birth weight and weight at age 4 (⌬WT04), between height at 6 months (because it was not measured at birth) and 4 to 5 years, between weight and height at 4 years, and between adolescent weight (⌬WT415) and height were used as indices of early and later childhood growth.
Statistical Analysis
Data are presented as means and 95% confidence intervals. For multivariate analyses with linear regression, separate models were constructed for the 2 outcome variables of adolescent systolic and diastolic BP. Independent variables were birth weight, sex, ethnic group, systolic or diastolic BP at age 4 to 5 years, adolescent height, and BMI. In addition, because the cohorts were pooled, early and later childhood growth was defined as the change in weight from birth to 4 to 5 years (WT04) and from 4 to 5 to 15 years (⌬WT415), respectively. These variables were included in the models simultaneously because each was hypothesized to have potentially independent effects on later BP. Interactions between birth weight and ethnic group (birth weightϫethnic group) or birth weight and later growth and ethnicity were tested. Standardized coefficients allow direct numerical comparison of the strength of effect between variables. For all analyses, 2-sided tests were performed with a 5% significance level. All analyses were performed with either SPSS version 11 for Windows or SAS.
Results
The cohort was approximately evenly balanced by ethnic and sex groups (nϭ47 to 50 each except for black girls [nϭ41]; Table 1 ). The birth weights of black infants were a mean of 443 and 282 g lighter than those in white infants, highly significantly so in both boys and girls, respectively. In the subgroup with an ethnic and sex distribution similar to that of the total sample and who had annual measures of height and weight recorded (nϭ102), BP tended to track, so that after the children were stratified into quartiles of BP at the age of 2 years, on average, BPs at 3, 4, and 15 to 17 years were still in those original quartiles ( Figure) .
By age 4 to 5 years, weights and heights were similar in black and white boys, but black girls were marginally heavier and slightly taller than white girls. Thus, the black children showed slightly but not significantly more catch-up growth. At age 4 to 5 years, BPs were little different in boys, and systolic BPs were still marginally lower in black girls, a previous finding at this age in Bogalusa. 13 By the age of 15 years, BMIs were almost identical between blacks and whites, but BMI disguised a significant mean difference of 4 cm in height and of 3 kg in weight between white and black boys (the latter still smaller), but no differences in girls ( Table 2) . Comparison of the change in weight between birth and 4 to 5 years showed that, on average, black children had increased an extra 0.3 to 0.6 kg than whites, but then between 4 to 5 and 15 years, white boys increased an extra 4 kg, on average, with respect to black boys. Despite this, BPs were 3.4/ 2 mm Hg higher in black than in white boys, but there was little overt difference in BPs among girls; however, the overall difference between blacks and whites in BP remained significant after adjustment for age and other variables (PϽ0.05).
Regression Models
Examination of the effects of all of these potential contributors to later BP in a simultaneous regression model is shown in Table 3 . In a full model (nϭ185 participants), in descending order of impact, birth weight (inversely), height and BMI at age 15 to 17 years, change in weight from age 0 to 4 to 5 years (inversely), and early childhood BP at age 4 to 5 years were all highly significant contributors (PϽ0.01 for all variables). Sex was no longer included. Birth weight alone accounted for the ethnic difference in BP, and these variables accounted for some 30% of the total variance in BP at this age. The interaction terms birth weightϫethnic group, birth weightϫgrowth from 0 to 4 to 5 years, birth weightϫgrowth from 4 to 15 years, and BMIϫethnicity at ages 15 to 17 years were not significant (PϾ0.1). When the birth weight term was omitted and the model rerun, all other listed variables remained significant with slightly greater ␤-values, indicating greater individual effects (data not shown). Similarly, running these models for girls or boys separately made little effect, Persistence of systolic blood pressure quartiles at age 2 years by subsequent ages 3, 4, and 15 to 17 years. except that, as expected, ethnicity was no longer significant in the girls-only model, whereas birth weight remained so.
Discussion
These data suggest that, at least in the setting of the Bogalusa study, ethnic differences in BP that emerge so powerfully between African-ancestry and European-ancestry Americans during adolescence can be accounted for by differences in intrauterine growth, as indicated by birth weight, followed by slightly lesser effects of early weight gain and growth in height and then of current stature. An independent effect of early BP (at age 4 to 5 years) was also present but weaker, and it did not confound the impact of the other factors. The timing of the effects of further somatic growth on vascular development may be important; it was only evident between birth and 4 to 5 years here, with no significant additional effect of growth from 4 or 5 to 15 years. However, such an effect is implied by the additional significant impact of BMI at age 15 to 17 years in the final model. The multiple-regression results demonstrate the nature and considerable impact of the effects (see standardized coefficients, Table 3 ) from all of these measures when considered prospectively. Sex was no longer included (as noted elsewhere in a meta-analysis 22 ). The effect of postnatal growth on BP therefore seems to depend on the age at which the infant starts on his/her growth curve, which is what birth weight (or early length) signifies. Only a proportion of the cohort had BPs measured as early as 1 year; when this variable was included in that smaller dataset (nϭ98) instead of the BPs at year 4, the effect was similar (data not shown). However, BPs taken at this early age may reflect an infant's response to the procedure as much as BP itself and therefore might not be reliable.
A link between fetal growth conditions, marked by birth weight at term, and later (adult) BP was first postulated in 1993 21 and was found in many but not all subsequent studies. 14 Controversy about the link recently emerged from a more recent meta-analysis, which suggested that there had been considerable publication bias of positive over negative results, overemphasis on studies from the group who originally reported the link, and most important, marked diminution of the effect size in larger compared with smaller studies. 15 However, although some of these criticisms were valid, subsequent correspondence including our own pointed out that weighting of the meta-analysis by the largest studies was flawed, not the least because of the 30% imprecision in birth weight self-recall in the 2 largest reports, 23, 24 and that in 2 of those, there was a clear relation between birth weight and "hypertension" (relative risk of 1.26 in men and of 1.4 in women); in addition, most men in the upper BP quintiles were receiving BP treatment, so that absolute BP values were underestimated. In another very large cohort of Swedish conscripts with a positive link but a small coefficient, the quality of BP measurement without method standardization may not have been high, 25 a characteristic relevant to most of the very large studies, which may have led to dilution of any BP-birth weight link.
Another key issue in the controversy about the role of intrauterine growth in determining later vascular development has been the lack of adequate longitudinal data on intervening postnatal and early childhood growth. 17 The data provided here, though still of a small sample, provide carefully standardized intermediary measures of such growth as recorded by using carefully standardized, prospective measures. The cohort studied was reduced in size from its original potential, because those without intervening measures, either from birth to any of the annual reviews up to age 4 to 5 years or then up to 15 to 17 years, were not included to maintain the integrity of the intervening data points. Those retained here had characteristics of birth weight and later BP, height, and weight by ethnic and sex groups similar to those of the entire original cohort (data not shown).
Few studies have included genuinely longitudinal data on growth and repeated BP measures under the same conditions. In the earlier Bogalusa report, in much larger numbers, the maximum age of children included was 11 years, ie, before the ethnic difference in BP emerged. 17 However, much larger, fully longitudinal data sets are needed, with relevant standardized measures included at several time points. We expect to be able to do this in subsequent studies with further Abbreviations are as defined in text and in the footnote to Table 1 . The interaction terms of birth weightϫethnic group, birth weightϫgrowth from 0 to 4 to 5 years, birth weightϫgrowth from 4 to 5 to 15 years, and BMIϫethnicity at 15 to 17 years were not significant.
*When ⌬HT04 was substituted for ⌬WT04, results were similar, with no significant differences in other variables in the model.
follow-up of original Bogalusa children who are now well into adulthood. Other independent cohorts will be needed also; if the effect is real and repeatable, the result that black-white differences in BP begin in early life will be a major clue to understanding its etiology. Of note for the current report, when a regression model was run according to sex (thus reducing its power because of a decrease in sample size), ethnicity no longer had a significant effect on BP in girls because black/white BP differences were so small, now a well-known finding, based on a meta-analysis that reviewed studies of BP including this age range. 26 It was perhaps unusual that the BMIs of black girls were not greater than those of white girls at 15 to 17 years. Compared with national (US) data and other Bogalusa cohorts, as recently reviewed, 26 BMI in white girls in this analysis was found to be 1 kg/m 2 higher than that 8-study average, but the black girls' BMIs were as expected from the data of Rosner et al. These slightly higher BMIs in white girls may therefore have reduced any black/white difference in BP that may be emerging at this age.
Similar effects of birth weight have been found for BP differences within samples of African-ancestry children, eg, in the Caribbean, 27 and so may be highly relevant to ethnic differences in BP elsewhere, such as between migrant African Caribbeans and Europeans. 28 Very few datasets have been available in which the ethnic black/white BP difference and the factors that contribute to it could be examined over time. To our knowledge, based on an electronic literature search, only one other study has examined the issue of birth weight in black Americans in relation to later BP with the use of original data, 29 although the hypothesis that such a link might account for excess vascular disease was suggested earlier. 30 No study seems to have tested the hypothesis herein that the ethnic black/white BP differences consistently reported in the United States might be related to intrauterine growth differences as reflected by birth dimensions, except our earlier report from Bogalusa in much younger children. 16 In the report of Falkner et al, 29 137 black American children in the Philadelphia Perinatal Study were followed up to age 28 years, with several intervening measures of growth and BP from early life. No relation was found between birth weight and BP at age 28 years in either men or women or in subgroups of lower birth weight or ponderal index, as an indicator of thinness at birth. Later BP was related only to growth (in height) in males but surprisingly not in females, in whom the correlation was with weight. There is no clear explanation for the divergence in results between the current report and that of Falkner et al. However, a key factor may be that the Bogalusa Study has always been a prospective cohort in which measurement methods and their validation have hardly changed since inception, whereas aspects of the similarly small Philadelphia Study were retrospective. In our recent analysis at older ages, without intervening early growth data, birth weight was again related to BP. 31 Clearly, further follow-up to later adulthood, already under way for the Bogalusa Study, and replication of results in other studies are important requirements to verify the current findings. Another issue to consider is that because ethnicity and birth weight are so closely interrelated, attributing causality to the effects of birth weight, or what it signifies in fetal growth, may be only a "mathematical" effect in the statistical models herein, rather than a true biological effect. A cohort study design cannot disentangle this issue, but because ethnicity is unchangeable, concentrating public health efforts on improving fetal growth should have major benefits and experimentally would answer this question directly.
Adult burdens of cardiovascular disease across the world will continue as the proportion of older people in most populations increases; recent estimates from the Global Burden of Disease project placed high BP second in the list of main contributing factors in the 1990s. 32 That figure may be an underestimate because data were missing from subSaharan Africa, whose populations and those of African descent elsewhere experience an excess prevalence of hypertension. 33 African-American babies born at term continue to have lower birth weights than do neonates with predominantly European ancestry, 34 as do those elsewhere. 35 Important public health benefits could arise if the rate of rise of BP with aging could be slowed, perhaps particularly if small improvements made early in life lead to greater gains later. The data presented here, especially if they can be reproduced in larger or nationally representative datasets, suggest that much of the excess prevalence in (high) BP, so common in black Americans, could be reduced by appropriate early growth but restrained weight gain by adolescence.
